diastolic function, but it is only weakly related with hydration status measured by bioimpedance analysis. Moderate-severe lung congestion is a strong predictor of death and cardiovascular events and provides prognostic information independent of NYHA class, and traditional and nontraditional risk factors in ESRD patients on HD. Key Messages: Systematic application of chest US in ESRD patients shows that hidden or clinically manifest lung congestion is exceedingly frequent in this population. This alteration largely reflects left ventricular disorders superimposed on volume overload. The clinical usefulness of systematic application of chest US in ESRD remains to be tested in a formal clinical trial.
Introduction
Chronic expansion of the extracellular volume is one of the most common and time-honored derangements which compose the syndromic set of end-stage renal disease (ESRD) [1] [2] [3] . Mild-to-moderate degrees of volume expansion may go undetected or are overlooked in ESRD [4] , but marked fluid overload in these patients is eventually a medical emergency demanding hospitalization and extradialyses in these patients [5] . Even though interdialysis weight gain is not necessarily tantamount to volume expansion [6] , this simple parameter has been associated with an excessive death risk [7] . Improving volume control in the dialysis population is perceived as an urgent public research issue [8] .
Noninvasive methods for estimating body fluid volume and tailoring excess volume removal in ESRD have been developed over the last 20 years, including total body water, continuous hematocrit monitoring, vena cava diameter and left atrial volume measurements. Measurement of volume expansion by different parameters [9] [10] [11] predicts mortality, but the usefulness of fluid volume measurements in clinical practice still remains to be proven. The issue is of major relevance because in a randomized clinical trial that tested the effect of probing dry weight by blood volume monitoring a higher mortality and hospitalization rate was registered in the group randomized to the active arm of the trial [12] .
Correction of volume expansion in the dialysis patients is difficult to achieve [4] . Due to underlying cardiomyopathy encompassing left ventricular (LV) systolic and diastolic function [13] , the majority of these patients are hemodynamically fragile and may often not tolerate the standard ultrafiltration rate imposed by current dialysis schedules. However accurate and precise, estimates of fluid volume per se are not sufficient information for prescribing excess volume removal in most patients.
Extravascular lung water is a relatively small but fundamental component of body fluid volume. This component, water content in the lung interstitium, is associated with LV filling pressure estimated by pulmonary capillary wedge pressure (PCWP), i.e. the gold standard parameter for guiding fluid therapy in patients with severe heart disease [14] . Evidence that lung permeability is altered in ESRD patients was produced 50 years ago [15] implying that alterations intrinsic to the lung may contribute to the high risk of cardiopulmonary complications in this population. Recent experimental studies show that bilateral nephrectomy per se triggers lung injury via inflammatory mechanisms [16] , supporting the view that lung alterations may amplify the risk of pulmonary edema in ESRD patients with volume overload and LV disorders.
Herein, we review the basic concepts of hemodynamic and pulmonary congestion and the relevance of these concepts for patients in clinical practice, and we then move to describe asymptomatic and symptomatic lung congestion in ESRD and the prognostic relevance of this disorder in the same population.
Hemodynamic, Pulmonary and Clinical Congestion: Basic Concepts
The cardiopulmonary circulation constitutes a highly integrated, strictly regulated system ( fig. 1 ). In pulmonary capillaries, pressure is measured by right-heart catheterization by wedging and inflating a balloon in a small branch of the pulmonary artery and by then recording the pressure at the tip of the catheter. This approach sets the pulmonary vascular bed as a closed system. In this closed system, PCWP at the end of diastole equalizes pressure in the downstream segments of the system, i.e. the pulmonary veins, left atrium and LV. PCWP is a fundamental hemodynamic parameter which is determined by two factors: LV diastolic function and preload, which is in turn determined by circulating blood volume and venous tone. As such, PCWP is a perfect measure of the degree of filling of the most critical area of the cardiovascular system, an area extending from lung capillaries to LV. When high, PCWP indicates 'hemodynamic congestion', an alteration which can trigger redistribution of excess fluid into the lung interstitium and eventually into the alveoli, thus determining 'pulmonary congestion'. Pulmonary congestion usually underlies high PCWP and volume overload, but pulmonary congestion may be triggered by fluid redistribution rather than by high PCWP and volume overload. For example in high-altitude pulmonary edema, lung congestion is due to elevated pulmonary artery pressure caused by uneven pulmonary vasoconstriction engendered by hypoxia. Uneven vasocontriction may lead to increased perfusion of the capillaries in areas of the least arterial vasoconstriction, leading to high capillary pressure and leakage, a phenomenon likely attributable to reduced nitric oxide bioavailability, inflammation and suboptimal drainage of alveolar fluid [17] . Hemodynamic and pulmonary congestion may remain asymptomatic. When not appropriately recognized and treated, hemodynamic and pulmonary congestion eventually triggers dyspnea, i.e. 'clinical congestion', which is the main driver of hospitalization in patients with heart failure. The relevance of asymptomatic pulmonary congestion is highlighted by the observation that clinical symptoms of heart failure (i.e. clinical congestion) occur on average 4 days after evidence of hemodynamic congestion [18] , and 'pulmonary congestion' detected by continuous intrathoracic impedance monitoring may be evident 2 weeks before the clinical congestion episode leading to hospitalization [19] .
As will be discussed in the subsequent sections, due to volume expansion, LV disorders and lung alterations, ESRD patients are at high risk of clinical congestion. Therefore, timely detection of pulmonary congestion at a preclinical stage may be important to prevent clinical congestion, a strong driver of hospitalization in this population [5] . Thus, developing reliable methods for early detection of lung congestion is central for advancing research and knowledge on this high-risk condition in ESRD.
Lung Congestion in Dialysis Patients: Risk Factors and the Problem of Timely Detection
Pulmonary congestion and congestive heart failure are pervasive in ESRD [20] . The occurrence of symptomatic clinical pulmonary congestion by volume overload is increased in the presence of compromised LV function [21] . About half of asymptomatic ESRD patients have compromised LV systolic function [22] . In patients with LV disorders, even mild volume excess may trigger dyspnea and full-blown heart failure. The joint effect of volume overload and LV disorders on water accumulation in the lungs is epitomized by the observation that about 30% of patients entering chronic dialysis programs exhibit symptoms of heart failure, i.e. clinical congestion [23] . Experimental animals without heart disease tolerate substantial volume overload without developing relevant lung edema [24] . In contrast, pulmonary edema may occur with modest volume excess or even in the absence of overt fluid retention in patients with LV failure [18] . As alluded to before, coexistence of lung disease or lung alterations triggered by impaired renal function or exposure to dialysis membranes may further increase the risk of lung congestion in dialysis patients. Bilateral nephrectomy causes capillary leak, interstitial leukocyte infiltration and pulmonary edema in rats, a phenomenon tightly dependent on increased interleukin 6 and 1β levels underlying the critical role of the kidney in the maintenance of serum cytokine balance and pulmonary function integrity [16] . Activation and sequestration of leukocyte neutrophils by the blood-cuprophan membrane in the dialysis filter, a rapidly reversible phenomenon which occurs at every dialysis session, may cause microvascular lung disease in hemodialysis (HD) patients [25] . Neutrophil activation and sequestration in the lungs is substantially reduced but not eliminated with synthetic and modified cellulosic membranes.
Chest ultrasound (US) is a novel method which leads to very reliable estimates of lung water in a variety of clinical conditions [26] . The basic principle of the technique is that in the presence of excessive extravascular lung water, the beam is reflected by subpleural thickened interlobular septa, a low impedance structure surrounded by air with a high acoustic mismatch. Reflection of US produces hyperechoic reverberations between the thickened 187 septa and the overlying pleura, which are the US equivalent of B lines seen in standard chest X-rays in patients with lung edema. These US-B lines ( fig. 2 ) are easily detected with standard US probes currently applied for the study of abdominal viscera or for standard echocardiography. Chest US is very easy to learn and can be performed with virtually all US machines, including handheld US devices. Furthermore, the technique is sensitive enough for the detection of subclinical pulmonary edema in high-altitude climbers [27] . Due to its reliability and easiness of use, chest US is increasingly applied in cardiology for monitoring therapy response in patients with heart failure [28] and other conditions [26] . In a validation study in an unselected population of 75 ESRD patients on HD (26% of them with NYHA class III-IV heart failure) [29] , chest US showed good interobserver and interprobe agreement. In this study, as much as 57% of asymptomatic HD patients had moderate-severe congestion. Similar findings were registered in a proof-of-concept study aimed at testing the regression of US-B lines along with fluid removal [30] . The high frequency of lung congestion in asymptomatic patients was confirmed in a much larger, multicenter study in about 400 patients [31] . Before HD, moderate-severe lung congestion was evident in 45% of patients and very severe congestion in 14% of patients. Overall, the majority of patients (59%) have an important degree of lung congestion before HD. Lung congestion in HD patients was very common also in a very recent study by Siriopol [32] and in another study in peritoneal dialysis (PD) patients [33] . In agreement with previous studies [29, 31] , lung congestion occurred often without clinical manifestations. However, in both HD 188 [34] and PD patients [35] , lung congestion is not an innocent bystander which is strongly and independently associated with poor physical performance measured by the physical dimension item of the Short-Form 36 Quality Of Life Instrument. In the two studies where US lung water was measured along with total body water by bioimpedance analysis [29, 32] , these two parameters were very weakly associated, which indicates that lung congestion can only partly be explained by volume overload. The scarce association between parameters of volume overload like total body water and US-B lines suggests that LV disorders play a major role in lung congestion in HD patients. This hypothesis is supported by the observation that US-B lines are closely related in an inverse fashion with parameters of systolic (ejection fraction) and diastolic (E/E ′ ) function and in a direct fashion with left atrial volume and pulmonary pressure both before and after dialysis [29] ( fig. 3 ). Pulmonary fibrosis may disturb the estimate of lung water by US because fibrosis generated US artifacts similar to US-B lines [26] . However, although the number of US-B lines is higher in HD patients with chronic obstructive pulmonary disease [32] than in HD patients without lung disease, in HD patients with chronic obstructive pulmonary disease a marked reduction in US-B lines also occurs across dialysis [29] .
Prognostic Relevance of Lung Congestion in ESRD
The need of reliable biomarkers to monitor fluid volume in clinical practice is of utmost importance in research [4] . It is unquestionable that clinical trials are the final test to assess the clinical usefulness of any purported biomarker of volume expansion, an issue largely overlooked so far in clinical research in dialysis patients [4] . In the 'research ladder' aimed at establishing the clinical The prognostic value of chest US for clinical outcome in patients with heart disease was tested in just two studies enrolling emergency patients admitted to a heart and lung department and in a sizable series of patients with coronary heart disease [36, 37] . In both studies, chest US nicely predicted relevant clinical outcomes, including death and incident cardiovascular events. Of note, the predictive power of lung congestion in these studies was stronger than that of standard echocardiographic parameters, including ejection fraction, and independent of the NYHA score and classical risk factors such as diabetes [36] . When included in a three-variable echocardiographic score together with ejection fraction and tricuspid annular plane systolic excursion, US lung comets added prognostic value to an internationally established clinical score like the Global Registry in Acute Coronary Events score [37] . However important, these studies in patients with heart disease do not guarantee that chest US is prognostically useful in ESRD patients, a population with a unique risk profile [38] . Validation of biomarkers for prognosis needs to be performed in the precise population where the same biomarkers are purportedly useful for predicting relevant clinical events [39] . In this regard, in a recent study in 11 renal units in Italy, chest US added significant prognostic information for death and cardiovascular events to classical risk factors, NYHA score, hypoalbuminemia, hyperphosphatemia and inflammation ( fig. 4 ). Of note, this technique had important prognostic specificity because it significantly improved (+10%) the reclassification of the risk for cardiac events in patients who remained free of cardiovascular events. Overall, these data suggest that the application of chest US may help to refine prognosis in dialysis patients [31] . Findings in this multicenter cohort study were replicated in a smaller single-center study in Romania [32] . Of relevance, in this study, chest US emerged as a stronger predictor of mortality than parameters of the hydration status measured by tetrapolar bioimpedance analysis, and this predictive power was largely independent of total body water and other bioimpedance parameters. Thus, important evidence is accumulating that chest US may become a useful adjunct to the diagnostic armamentarium of the modern clinical nephrologist.
Clinical Perspectives
Even though studies performed so far are quite consistent and methodologically valid, some limitations should be clearly acknowledged. Even though the multicenter study in Italy was fairly large and notwithstanding results in this study were confirmed in an external cohort in Romania [32] , these studies included Caucasian patients only. Therefore, the prognostic ability of chest US should be confirmed in other dialysis populations including other ethnicities. Finally, the usefulness of chest US remains to be tested in a formal clinical trial. A clinical trial funded by the European Renal Association/European Dialysis and Transplant Association is underway to test the hypothesis that a lung comet-guided clinical policy may improve clinical outcome in high-risk HD patients with cardiac disease [40] .
